1. Introduction
===============

Infectious salmon anemia (ISA) virus (ISAV) causes an economically important and highly fatal disease of Atlantic salmon (*Salmo salar*) characterized by high mortality, severe anemia, exophthalmia, petechial hemorrhages in the visceral fat and skin, and hemorrhagic hepatic necrosis and kidney tubular necrosis and interstitial hemorrhages ([@BIB3], [@BIB5], [@BIB9], [@BIB10], [@BIB11], [@BIB14], [@BIB35]). ISAV is the newest member of the family Orthomyxoviridae recently classified in a new genus *Isavirus* ([@BIB1]). It is an enveloped virus with a segmented genome of eight single-stranded RNA segments of negative polarity.

Indirect fluorescent antibody test (IFAT), reverse transcription--polymerase chain reaction (RT--PCR), virus isolation (VI) and virus neutralization (VN) on ASK-2, SHK-1, TO, and CHSE-214 cell lines ([@BIB2], [@BIB6], [@BIB4], [@BIB7], [@BIB20], [@BIB18], [@BIB33], [@BIB37]) are the methods most commonly used to detect ISAV infections. However, these methods have several limitations. Some ISAV strains do not grow and/or produce cytopathic effect (CPE) in CHSE-214 and SHK-1 cells ([@BIB20], [@BIB18], [@BIB32]). [@BIB16] have reported enhanced ISAV infection of macrophage-like (SHK-1 and TO) cells facilitated by ISAV-specific antibodies via Fc-receptor-mediated endocytosis, suggesting reduced sensitivity of these cell lines for virus typing by neutralization. RT--PCR, VI, and IFAT also vary in their sensitivity and specificity ([@BIB29], [@BIB34]). Although conventional RT--PCR and nested RT--PCR are currently considered the most sensitive methods for ISAV detection ([@BIB7], [@BIB20], [@BIB19], [@BIB22], [@BIB25], [@BIB29], [@BIB31]), none of the formats routinely used allow the results to be expressed quantitatively. Thus, there is a clear need for a sensitive and rapid method that could quantitatively detect ISAV in biological samples.

We describe below real-time RT--PCR using SYBR Green chemistry for the quantitative detection of ISAV in biological samples. The analytical sensitivity of this technique was compared to that of conventional RT--PCR for ISAV. In order to demonstrate the utility of the assay for samples with varying amounts of ISAV RNA, the technique was used to detect viral RNA in fish tissues as well as to quantitate the replication of several ISAV isolates in TO and CHSE-214 cell lines.

2. Materials and methods
========================

2.1. Cell culture and virus isolates
------------------------------------

Field ISAV isolates made from various ISA outbreaks in the Bay of Fundy, Canada, as well as ISAV isolates received from Norway, and Scotland for research purposes have been stored at −80 °C in our laboratory since 1997. Canadian ISAV isolates U5575-1, NBISA01, HKS-36, RPC/NB-970-877-2, RPC/NB-980-414-1, RPC/NB-980-280-2, and Scottish isolate 390/98, and Norwegian isolate 835/9/98 were selected for this study. TO cells and CHSE-214 cells were used to propagate the isolates as described previously ([@BIB20], [@BIB18]). Briefly, TO cell monolayers were grown to about 90% confluency at room temperature (22 °C) in HMEM (Eagle's minimum essential medium containing Hanks' salts; BioWhittaker) supplemented with 10% heat inactivated fetal bovine serum (FBS) ([@BIB37]), 292 μg/ml [l]{.smallcaps}-glutamine (Invitrogen Life Technologies), 1% non-essential amino acids (Sigma), and 200 μg/ml gentamicin (Sigma) in 25 cm^2^ tissue culture flasks; for maintenance medium, the FBS was reduced to 5%. For infection, the monolayers were washed with phosphate buffered saline (PBS), inoculated with virus, and then incubated for 1 h at room temperature to allow for virus adsorption. Maintenance medium was then added and the flasks were incubated at 16 °C for up to 10 days or until CPE was complete. The tissue culture virus suspensions were harvested, aliquoted, and stored at −80 °C prior to use. For testing ISAV isolate U5575-1 replication in CHSE-214 cells, five flasks were infected and one uninfected flask served used as control. One of the infected flasks was removed from the incubation at time 0 h (i.e. immediately upon adding maintenance medium post-inoculation), and then at 32, 48, 72, 96, 192, and 144 h post-infection (p.i). The flasks were examined for CPE and were then frozen at −80 °C until further use. The CHSE-214 cell monolayers were grown at 16 °C in Hank's MEM (Invitrogen) supplemented with 10% FBS, 100 U/ml penicillin, 100 μg/ml streptomycin, and 0.25 μg/ml amphotericin B. The monolayers were similarly inoculated with virus as for the TO cells, and were incubated for up to 15 days at 16 °C. For each ISAV isolate tested for replication in CHSE-214 cells, five flasks were infected and one uninfected flask served as control. One flask was removed from the incubation at time 0 h and then at 72, 120, 192, and 336 h p.i. The flasks were examined for CPE and then were frozen at −80 °C until further use. Virus titration was performed on TO cell monolayers in a 48-well tissue culture plates as previously described ([@BIB18], [@BIB19]). The median tissue culture infectious dose (TCID~50~) was calculated using the procedure described by [@BIB30].

2.2. Experimental infection of fish with ISAV and tissue sampling
-----------------------------------------------------------------

The fish tissues used in our study were collected from Atlantic salmon and rainbow trout populations used in a previous challenge study. The average weight and length of fish at the beginning of this study were approximately 20 g and 10 cm, respectively. The ISAV-negative status of fish was confirmed by attempting virus isolation from tissues of six fish on TO cells and also testing by conventional one-tube RT--PCR at the start of the experiment. For the challenge study, 50 Atlantic salmon and 10 rainbow trout fish were removed from the stock holding tanks and anesthetized by immersion in an aerated solution of tricaine methane sulfonate (TMS-222) (100 mg/l). Each fish was then challenged by intraperitoneal injection of ISAV isolate U5575-1 at a dose of 10^6^ TCID~50~ in 0.2 ml of virus suspension and was then returned to the study tank. Sixty-five uninfected control Atlantic salmon and 55 control rainbow trout were kept in another holding tank in a separate "clean" room. The mortality started 18 days post-ISAV challenge. The fish that survived ISAV challenge up to 76 days were sacrificed and necropsied for evidence of any lesions; their hearts, spleens, trunk kidneys, livers, gills, and pyloric caeca were collected aseptically in separate sterile plastic bags and stored at −80 °C for viral analysis by conventional one-tube RT--PCR and real-time RT--PCR assays.

2.3. RNA extraction
-------------------

In order to extract total RNA from fish tissues, they were first macerated and homogenized. The homogenates were diluted 1:1 in sterile PBS and clarified by centrifugation at 3000 rpm for 15 min, and the supernatants were used for RNA extraction. Total RNA from infected fish tissues, purified virus, and/or from virus-infected cell culture suspensions was extracted using TRIZOL reagent following the manufacturer's instructions (Invitrogen Life Technologies) with minor modifications as previously described ([@BIB20]). The starting sample volume in all cases was 300 μl of infected fish tissue supernatant, purified virus preparation or virus-infected tissue culture suspensions. Duplicate RNA extractions for each sample were performed.

2.4. Virus purification and preparation of ISAV RNA standards
-------------------------------------------------------------

ISAV isolate U5575-1 was purified as previously described ([@BIB20]). Briefly, the virus-infected TO cell culture suspensions were harvested, pooled, and clarified at 4430 rpm for 30 min at 4 °C. The viral supernatant was concentrated by ammonium sulphate precipitation. The virus in the precipitate was purified on a 10 and 25% Ficoll-400 (Amersham Pharmacia Biotech) step gradient ([@BIB20]). The RNA from the purified virus was extracted using TRIZOL reagent as previously described. The RNA samples were aliquoted, and immediately frozen at −80 °C. Each aliquot was used only once for the SYBR Green real-time RT--PCR and/or conventional RT--PCR assay. To prepare ISAV RNA standards, the viral RNA was quantitated using a spectrophotometer and serial 10-fold dilutions were then prepared in RNase-free PCR-grade water. Both SYBR Green RT--PCR and conventional RT--PCR assays were performed on three replicas of each dilution of viral RNA in order to determine the detection limit and analytical sensitivity of the two methods, and also to construct a standard curve for the real-time assay.

2.5. Conventional one-tube RT--PCR conditions
---------------------------------------------

The conventional one-tube RT--PCR for ISAV with the F5/R5 primer pair targeting ISAV RNA segment 8 was carried out using the Titan One Tube RT--PCR System Kit (Roche Molecular Biochemicals) following the manufacturer's instructions and as previously described ([@BIB20]). The 50 μl reaction volume for RT--PCR contained 0.8 mM deoxynucleotide triphosphates, 0.8 μM of each primer, 5 mM dithiothreitol solution, 0.25 μl RNase inhibitor (40 U/μl), 2 μl template (≥0.632 ng/μl), and 1.0 μl enzyme mix (AMV and Expand High Fidelity PCR-System) and 23.25 μl of PCR-grade water. All RT--PCR reactions were carried out in a PTC-200 DNA Engine Peltier thermal cycler (MJ Research Inc.) with the following thermal profile: a single cycle of reverse transcription for 30 min at 55 °C and a pre-denaturation step for 2 min at 94 °C followed by 40 amplification cycles each consisting of denaturation for 30 s at 94 °C, annealing for 45 s at 61 °C, and extension for 90 s at 72 °C, with a final extension step of 10 min at 72 °C. The amplified PCR products were resolved by 1% agarose gel electrophoresis in 0.5× TBE buffer and visualized by staining with ethidium bromide, and photographed under 304 nm UV light.

2.6. Optimization of ISAV SYBR Green real-time RT--PCR assay
------------------------------------------------------------

The thermal profile, reagent conditions, MgCl~2~ and primer concentrations for SYBR Green real-time RT--PCR assay were optimized using a checkerboard system. The SYBR Green assays were carried out using the same primer pair as for the conventional one-tube RT--PCR. All real-time RT--PCR reactions were performed in the LightCycler (Roche Applied Science) using RNA Amplification Kit SYBR Green I (Roche Applied Science). The size of real-time amplification reaction products was also analyzed by agarose gel electrophoresis similar to the conventional RT--PCR products.

2.7. Data analyses
------------------

The quantitation plot and melting curve data for all SYBR Green real-time RT--PCR runs were analyzed using the LightCycler software version 3.5 (Roche Applied Science). Minitab 13 software (Minitab Inc., State College, PA, USA) was subsequently used to calculate and plot a linear regression line between the logarithms of the ISAV RNA standards and the corresponding mean threshold cycle (Ct) values. The absolute ISAV RNA levels in the various biological samples were determined by extrapolating the Ct values from the standard curve. The coefficient of variation (CV) of precision within-run and between-runs was calculated by dividing the standard deviation of Ct values of replicas with mean Ct values of replicas. One-way analysis of variance was carried out using Minitab software in order to compare the mean Ct values of the different ISAV isolate RNA levels in CHSE-214 and/or TO cell lines at different hours post-infection.

3. Results
==========

3.1. Optimization of real-time RT--PCR conditions for ISAV RNA
--------------------------------------------------------------

The specificity of primer pair F5/R5 for ISAV genomic segment 8 in RT--PCR has already been determined ([@BIB7], [@BIB20]). The optimized concentrations of F5/R5 primers and other reagents for a 20 μl-reaction volume for the SYBR Green-based real-time assay are summarized in [Table 1](#TBL1){ref-type="table"}, [Table 2](#TBL2){ref-type="table"} . The melting curve and gel electrophoresis analyses of the real-time RT--PCR reactions were harmonious with each other as a virus-specific single melting peak ([Fig. 1A](#FIG1){ref-type="fig"} ) and a 211 bp band (data not shown) were always obtained.Table 1Optimized reagent concentrations in 20 μl reaction volume for ISAV SYBR Green real-time RT--PCRReagentConcentration5× RT--PCR reaction mix SYBR Green I[a](#TBLFN1){ref-type="table-fn"}4.0 μl5× resolution solution[a](#TBLFN1){ref-type="table-fn"}3.0 μlMgCl~2~[a](#TBLFN1){ref-type="table-fn"}5.0 mMForward primer-F5 (5′-GAA GAG TCA GGA TGC CAA GAC G-3′)[b](#TBLFN2){ref-type="table-fn"}0.3 μMReverse primer-R5 (5′-GAA GTC GAT GAT CTG CAG CGA-3′)[b](#TBLFN2){ref-type="table-fn"}0.3 μMRT--PCR enzyme mix[a](#TBLFN1){ref-type="table-fn"}0.4 μlViral RNA template≥0.006 ng in 1.0 μlSterile PCR-grade water9.4 μl[^1][^2]Table 2Thermal profile for ISAV SYBR Green real-time RT--PCRStepTemperature (°C)Time (s)1 cycle of reverse transcription551800Pre-denaturation9530  50 cycles of     Denaturation955 Annealing5910 Elongation7210 Fluorescence acquisition802[^3]Fig. 1Development of a one-tube SYBR Green real-time RT--PCR that quantitatively detects ISAV in biological samples. (A) Melting peak of ISAV isolate U5575-1 indicating the melting temperature (*T*~m~) of virus-specific amplicon. Note the virus-specific single melting peak at 83.5 °C. (B) Quantitative analysis of ISAV dilutions. Serial dilutions of ISAV genomic RNA were amplified. The intensity of fluorescence is given on the *y*-axis and Ct values (here mentioned as cycle number) are plotted on *x*-axis. For simplicity, the amplification plot of a single replica of dilutions from 1:10^1^ to 1:10^5^ is shown. Note that the dilution containing the highest viral RNA concentration exhibits fluorescence earlier than the one with second highest concentration of viral template and so on. (C) Linear relationship between Ct values and log concentrations of the viral RNA. Note *r*^2^ value and slope are 96.2% and −3.771, respectively.

3.2. Viral RNA quantitation
---------------------------

The amplification plot of serial dilutions of the ISAV genomic RNA is shown in [Fig. 1B](#FIG1){ref-type="fig"}. The increasing number of cycles was proportional to the increasing dilutions of the viral RNA. The linear regression analysis yielded a straight line between the mean Ct values and logarithmic concentrations of the viral template over a 1:10^5^ dilution range with an *r* ^2^ value of 0.962 ([Fig. 1C](#FIG1){ref-type="fig"}). The slope was −3.771, suggesting an amplification efficiency of 84% for this real-time RT--PCR assay.

3.3. Comparison of SYBR Green real-time RT--PCR and conventional RT--PCR for ISAV
---------------------------------------------------------------------------------

The real-time format was able to detect viral RNA down to a 1:10^5^ dilution ([Fig. 1B](#FIG1){ref-type="fig"}) whereas agarose gel analysis of conventional one-tube RT--PCR product could detect viral RNA only down to a 1:10^3^ dilution ([Table 3](#TBL3){ref-type="table"} ). The detection limits of SYBR Green real-time RT--PCR assay and conventional one-tube RT--PCR on the same sample were 0.006 and 0.632 ng of ISAV genomic RNA, respectively. Thus, the analytical sensitivity of the real-time RT--PCR assay was 100 times higher than that of the conventional one-tube RT--PCR.Table 3Analytical sensitivity of the conventional RT--PCR and SYBR Green real-time RT--PCR assays for ISAV in TO cellsDetection formatTemplate dilutionNeat1:10^1^1:10^2^1:10^3^1:10^4^1:10^5^1:10^6^1:10^7^Gel electrophoresis of conventional one-tube RT--PCR products3/3[a](#TBLFN3){ref-type="table-fn"}3/33/33/30/30/30/30/3Real-time RT--PCR format3/33/33/33/33/33/30/30/3Gel electrophoresis of real-time RT--PCR products3/33/33/33/30/30/30/30/3[^4]

3.4. Repeatability of the SYBR Green real-time RT--PCR assay
------------------------------------------------------------

The repeatability (agreement within- and between-runs) of the SYBR Green RT--PCR was assessed by testing the three replicas of the serial 10-fold dilutions of the ISAV genomic RNA within the same run and independently in five different runs on different days. The correlation coefficient (*r*) for precision-within and -between assays was 0.98 and 0.96, respectively. The mean CV for precision within- and between-runs was 2.78 and 6.40%, respectively.

3.5. Analysis of replication of ISAV isolate U5575-1 in TO and CHSE-214 cell lines by real-time RT--PCR
-------------------------------------------------------------------------------------------------------

To verify that quantitation by real-time RT--PCR is reliable, total RNA extracted from TO cell cultures infected with ISAV isolate U5575-1 and harvested at different time intervals after infection was analyzed. [Table 4](#TBL4){ref-type="table"} shows the ISAV genomic RNA levels determined by extrapolating the Ct values from the standard curve. The CPE in TO cells was first observed at day 4 (96 h) post-infection. The quantitation plot of ISAV genomic RNA levels at different hours post-infection is shown in [Fig. 2A](#FIG2){ref-type="fig"} . The melting curve analysis indicated a single peak similar to the one in [Fig. 1A](#FIG1){ref-type="fig"}, suggesting that amplification products were specific and the virus population was uniform throughout the sampling times. The agarose gel electrophoresis also revealed a band of the expected size ([Fig. 2B](#FIG2){ref-type="fig"}) indicating that the RT--PCR products are virus-specific. The difference among the mean Ct values of viral RNA in different samples was significant (*P*≤0.05) indicating that there was a real increase in viral RNA levels in ISAV-infected TO cells over the course of the infection. To determine if ISAV isolate U5575-1 replicates in CHSE-214 cells, total RNA from virus-infected CHSE-214 cells harvested sequentially at different times post-infection was analyzed using the SYBR Green real-time RT--PCR assay. The amplification plot of viral RNA levels at different times post-inoculation is shown in [Fig. 3B](#FIG3){ref-type="fig"} . The mean Ct values of viral RNA in CHSE-214 cells at different hours post-infection are shown in [Table 5](#TBL5){ref-type="table"} . The difference among the mean Ct values of different samples was not statistically significant (*P*≥0.05) indicating that there was no change in the amount of ISAV RNA over time in the different samples. A single melting peak specific of the viral product was observed in all the samples ([Fig. 3B](#FIG3){ref-type="fig"}). No CPE was observed in any of virus-infected CHSE-214 cell monolayers for the duration of the sample period (15 days). These results confirm that ISAV isolate U5575-1 does not replicate in the CHSE-214 cell line.Table 4Determination of absolute viral RNA levels at various times post-ISAV inoculation in TO cells by extrapolation of Ct values from the standard curvePost-inoculation (h)CPE[a](#TBLFN4){ref-type="table-fn"}Mean Ct value[b](#TBLFN5){ref-type="table-fn"}, [c](#TBLFN6){ref-type="table-fn"}ISAV RNA levels (μg/μl)0−25.3700.00132−18.6000.11748−16.9100.33172−16.7700.36396+16.2950.478120+15.7800.653144+14.7301.238[^5][^6][^7]Fig. 2Quantitation of viral RNA in ISAV-infected TO cells at different times post-inoculation. (A) Quantitative analysis of viral RNA in different samples. For simplicity, the amplification plot of a single replica of genomic RNA of the virus at various post-inoculation hours is shown. The green, black, dark green, gray, golden yellow, purple, and brown lines represent 0, 32, 48, 72, 96, 120, and 144 h p.i. samples, respectively. (B) Gel electrophoresis of real-time RT--PCR reactions of RNA extracted from TO cells at various post-ISAV inoculation hours. Lanes M and 1 contain 1 kbp plus DNA ladder and water, respectively. Lanes 2--8 represent viral RNA levels at 0, 32, 48, 72, 96, 120, and 144 h, respectively. The 1% agarose gel was stained with ethidium bromide and visualized under 304 nm UV light.Fig. 3Quantitation of viral RNA in ISAV-infected CHSE-214 cells at different times post-inoculation. (A) Single melting peak of ISAV strain U5575-1 indicating that the real-time RT--PCR products were virus-specific. (B) Amplification plot of ISAV strain U5575-1 indicating absence of virus replication in CHSE-214 cells.Table 5Ct values of ISAV U5575-1 in CHSE-214 cells at various hours post-inoculation[a](#TBLFN7){ref-type="table-fn"}Post-inoculation (h)[b](#TBLFN8){ref-type="table-fn"}Mean Ct value[c](#TBLFN9){ref-type="table-fn"}Standard deviation020.1050.7573221.0050.8564821.0000.0427221.2000.0009621.4851.40712020.5650.03514420.8050.163[^8][^9][^10]

3.6. Detection of ISAV RNA in fish tissues
------------------------------------------

To demonstrate the utility of the SYBR Green real-time RT--PCR assay for fish tissues with varying amounts of ISAV RNA, the tissue samples from fish that survived an experimental ISAV infection were tested. Both conventional one-tube RT--PCR and SYBR Green-based real-time RT--PCR assays were compared on these samples. The results are summarized in [Table 6](#TBL6){ref-type="table"} . The real-time RT--PCR assay detected ISAV RNA in more tissues that the conventional one-tube RT--PCR assay. This was expected since real-time RT--PCR was shown to be 100× more sensitive than the conventional one-tube RT--PCR. Moreover, with the real-time RT--PCR assay, it was possible to obtain an indication of the relative amount of viral RNA in the sample from the Ct values, where possible from absolute RNA amounts (in ng). Since all the fish tested were survivors of a lethal experimental ISAV challenge, the results demonstrate that the real-time RT--PCR assay would be useful in detecting subclinical ISAV infections in fish.Table 6Detection of ISAV RNA segment 8 by conventional RT--PCR and SYBR Green real-time RT--PCR in different tissues of fish at 76 days post-ISAV challengeMethodFish speciesFish tissuesLiverSpleenKidneyHeartCaecaGillConventional RT--PCRAtlantic salmon+[a](#TBLFN10){ref-type="table-fn"}−[b](#TBLFN11){ref-type="table-fn"}++−+Rainbow trout++−−+−  Real-time RT--PCR  Atlantic salmon  + (36.44,[c](#TBLFN12){ref-type="table-fn"} 0.0022[d](#TBLFN13){ref-type="table-fn"})  + (37.92, 0.001)  + (37.71, 0.001)  + (35.61, 0.0036)  + (35.99, 0.0029)  + (39.71, NC[e](#TBLFN14){ref-type="table-fn"})Rainbow trout+ (35.75, 0.0033)+ (37.98, 0.001)−+ (36.61, 0.0020)+ (36.43, 0.0022)+ (38.04, NC)[^11][^12][^13][^14][^15]

3.7. Replication of ISAV isolates in CHSE-214 cells
---------------------------------------------------

The finding that ISAV isolate U5575-1 replicated in TO cell line but not in CHSE-214 cells indicated to us that the real-time RT--PCR assay could be used to differentiate replicating non-cytopathic ISAV strains from non-replicating strains. In order to demonstrate this and also prove that the optimized real-time RT--PCR conditions can detect different ISAV isolates, we tested eight ISAV isolates inoculated in CHSE-214 cells and harvested at different hours post-infection. The results are summarized in [Table 7](#TBL7){ref-type="table"} . ISAV isolate NBISA01 was used as the positive control for virus replication with CPE production in CHSE-214 cells ([@BIB20]). ISAV isolate U5575-1 served as the negative control for virus replication in CHSE-214 cells as demonstrated above. NBISA01 was the only ISAV isolate that produced CPE in CHSE-214 cells; the CPE was first observed on day 8 post-infection. The melting curve analysis indicated that the real-time RT--PCR products were virus-specific. The results further showed that there was a significant difference (*P*≤0.05) among the mean Ct values of genomic RNA levels in CHSE-214 cells at different times post-infection for NBISA01 and HKS-36 suggesting that these two isolates do replicate in the CHSE-214 cell line. The differences among the mean Ct values of genomic RNA levels for ISAV isolates U5575-1, RPC/NB-970-877-2, 390/98, RPC/NB-980-414-1, RPC/NB-980-280-2, and 835/9/98 were not statistically significant (*P*≥0.05), implying that these ISAV isolates do not replicate in the CHSE-214 cell line. These observations allowed us to recognize three different CHSE phenotypes of ISAV: replicating cytopathic (e.g. NBISA01), replicating non-cytopathic (e.g. HKS-36), and non-replicating (e.g. U5575-1, RPC/NB-970-877-2, 390/98, RPC/NB-980-414-1, RPC/NB-980-280-2, and 835/9/98).Table 7Ct values of ISAV genomic RNA levels at different post-infection hours in CHSE-214 cellsISAV isolateMean Ct values[a](#TBLFN15){ref-type="table-fn"}0 h72 h120 h192 h336 hU5575-1[b](#TBLFN16){ref-type="table-fn"}25.86529.26528.78526.59526.835NBISA01[c](#TBLFN17){ref-type="table-fn"}34.23535.13534.73031.06526.100HKS-36[c](#TBLFN17){ref-type="table-fn"}ND[d](#TBLFN18){ref-type="table-fn"}ND35.0434.54529.37RPC/NB-970-877-2[b](#TBLFN16){ref-type="table-fn"}31.95934.95033.87035.72532.540390/98[b](#TBLFN16){ref-type="table-fn"}40.535ND40.96540.64038.050RPC/NB-980-414-1[b](#TBLFN16){ref-type="table-fn"}38.10038.13537.53536.50035.620RPC/NB-980-280-2[b](#TBLFN16){ref-type="table-fn"}34.16035.63035.28033.87736.535835/9/98[b](#TBLFN16){ref-type="table-fn"}32.12531.54530.950ND32.005[^16][^17][^18][^19]

4. Discussion
=============

Rapid and sensitive molecular methods that can quantitate viruses in vitro and in vivo are an essential requirement not only for disease diagnosis, but also for studying various aspects of viral infections including epidemiology, pathogenesis, and virus--host interactions at the molecular level ([@BIB23], [@BIB27], [@BIB28]). Quantitative PCRs (and RT--PCRs) have been available for a long time and are known for their advantages over the conventional PCR (and RT--PCR) assays. The real-time PCR (and RT--PCR) assays have a number of advantages over the conventional PCR (and RT--PCR); they are rapid, sensitive, and capable of displaying the real-time quantitation of the viral load in samples because they do not require post-PCR detection procedures ([@BIB23]). The real-time PCRs are also considered more accurate than the conventional PCR because in the former, the amplification product is measured/detected during the log-linear phase of amplification when the conditions are optimum, whereas in the later, reaction products are analyzed by the gel electrophoresis of end-point products; the amplification of the nucleic acid target especially during the later rounds of amplification may be affected by various factors including reagent limitations, inhibitory PCR by-products, and competition between the DNA strands and primers for the complementary sequences ([@BIB23]); moreover, the end-point quantification of PCR products based on gel electrophoresis may not yield consistent results because measurement of band intensities is very subjective.

A variety of chemistries including SYBR Green, hydrolysis probes, molecular beacons, and hybridization probes are commercially available that can be coupled to real-time PCR assays ([@BIB27]). The SYBR Green dye binds to double-stranded DNA in the minor-groove and exhibits increased fluorescence upon binding ([@BIB27]). SYBR Green is the simplest and least expensive of the chemistries that are commercially available.

The real-time PCR technology provides quantitative detection of target nucleic acids during the progression of amplification cycles. The amplification cycle at which the increase in fluorescence is significantly higher than the mean baseline fluorescence is called the threshold cycle (Ct). The Ct value is inversely related to the amount of target templates in the samples ([@BIB23], [@BIB27]). The Ct values (drawn on the *x*-axis) correlate to the measurements of the fluorescent signal (the *y*-axis) and provide the quantification of the target template. The melting curve analysis is performed by plotting the loss of fluorescence as the first negative derivative (−d(F1)) against the temperature change (d*T*) ([@BIB15]); the resulting peak loss of fluorescence corresponds to the melting temperature (*T* ~m~) of the virus-specific amplicons.

The development of real-time PCR technology has revolutionized the scientific study on the epidemiology, pathogenesis, immunology, prophylaxis and treatment, and diagnosis of viral infections ([@BIB23], [@BIB27], [@BIB28], [@BIB15]). The dramatic increase in the potential of viral investigations through the use of quantitative amplification techniques including real-time PCR is likely to contribute towards the ultimate goal for the formulation of better strategies for the diagnosis and control of animal and human viral diseases. The real-time RT--PCR (and PCR) assays have been developed for a variety of viruses including feline calicivirus ([@BIB13]), shrimp hematopoietic necrosis virus and white spot virus ([@BIB8]), chicken infectious bursal disease virus ([@BIB15], [@BIB26]), human immunodeficiency virus type 1 ([@BIB21]), feline coronaviruses ([@BIB12]), and influenza A and B viruses ([@BIB36]).

We describe here a one-tube SYBR Green-based real-time RT--PCR that quantitatively detects ISAV in biological samples. The assay is more sensitive and has a higher detection limit than the conventional one-tube RT--PCR for ISAV. The increased sensitivity of the assay may be due to two possible reasons either in combination or alone: (1) agarose gels have limited dynamic range ([@BIB23], [@BIB27]); this is supported by our observation that like the gel electrophoresis of conventional one-tube RT--PCR products, the agarose gel analysis of SYBR Green RT--PCR products also shows the virus-specific band only down to a 1:10^3^ dilution ([Table 3](#TBL3){ref-type="table"}); and (2) SYBR Green I is more sensitive than ethidium bromide for detecting DNA ([@BIB17]). Because the SYBR Green RT--PCR assay for ISAV is 100 times more sensitive than the conventional one-tube RT--PCR, it might be useful in detecting sub-clinical ISAV infections in carrier fish, since Atlantic salmon that recover from clinical ISA and are negative by the conventional RT--PCR assay, can still transmit ISAV to healthy Atlantic salmon through cohabitation ([@BIB24]).

In addition to having higher sensitivity, the SYBR Green real-time RT--PCR assay is also more rapid than the conventional RT--PCR; the entire assay could be completed within 80 min. We used TRIZOL reagent, a procedure that takes over 1 h for extracting viral RNA from the biological samples; however, we believe that the use of column purification method(s) for recovering viral RNA from infected cell cultures or fish tissues can further reduce the time required for template preparation, in addition to improving the sensitivity of the assay.

Although non-specificity due to primer--dimers has been associated frequently with real-time RT--PCR assays utilizing DNA-binding dyes ([@BIB27]), the monitoring of SYBR Green real-time RT--PCR reactions by melting curve and gel electrophoresis analyses showed that the assay was very specific for ISAV. The addition of a short, high temperature incubation step after the elongation step ([Table 2](#TBL2){ref-type="table"}) conferred further specificity to the fluorescent signal. The correlation coefficient (*r*) values of 0.98 and 0.96 for precision within- and between-assays, respectively, suggest a strong linear relationship between viral RNA levels and Ct values. An *r* ^2^ value of 0.962 implies that most of the variation in log concentrations of viral RNA can be explained by the straight-line relationship with Ct values. The high value for the linear regression line and CV values of 2.78 and 6.40% for precision within- and between-runs, respectively, suggest that the assay is highly reproducible. A slope of −3.771 indicates an amplification efficiency of 84% for ISAV real-time RT--PCR; this is acceptable considering the fact that the reverse transcription step is not always 100% efficient ([@BIB13]).

The finding that ISAV isolate U5575-1 replicates in TO cells but not in CHSE-214 cells ([Table 4](#TBL4){ref-type="table"}, [Table 5](#TBL5){ref-type="table"}; [Fig. 2](#FIG2){ref-type="fig"}, [Fig. 3](#FIG3){ref-type="fig"}) are in agreement with previous reports ([@BIB20], [@BIB18]). Because of the ability of real-time RT--PCR to quantitate the viral RNA, it was possible to differentiate the static viral RNA levels of the residual inocula in the different CHSE-214 cell culture harvests ([Table 5](#TBL5){ref-type="table"}; [Fig. 3B](#FIG3){ref-type="fig"}) from the increasing viral RNA levels associated with replicating virus such as in the ISAV-infected TO cells ([Table 4](#TBL4){ref-type="table"}, [Fig. 2A](#FIG2){ref-type="fig"}). The finding that ISAV isolate NBISA01 is a CHSE-positive phenotype, i.e. it produces CPE, has also been reported previously ([@BIB20]); similarly, the further finding that viral isolate HKS-36 replicates without causing CPE in CHSE-214 cells is also in agreement with our previous observations ([@BIB20]). Our data now suggest that the real-time RT--PCR assay may be used to group ISAV isolates into one of three CHSE phenotypes: replicating cytopathic, replicating non-cytopathic, and non-replicating.

In conclusion, we have developed a highly reproducible and flexible real-time RT--PCR assay using SYBR Green chemistry that can quantitate ISAV loads in biological samples. The assay is more sensitive and rapid than conventional one-tube RT--PCR for ISAV and might be useful in detecting subclinical ISAV infections in carrier fish, and for studying aspects of viral infections such as pathogenesis.
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[^1]: Reagents are part of the RNA Amplification Kit SYBR Green I (Roche Diagnostics GmbH).

[^2]: Primers have been previously used in ISAV RT--PCR assays ([@BIB7], [@BIB20]).

[^3]: Melting curve was performed from 70 to 95 °C in 0.1 °C/s increments.

[^4]: Number of replicas positive out of total tested.

[^5]: CPE denotes virus-induced cytopathic effects in cell culture.

[^6]: Ct values are averages of duplicate samples except for samples harvested at 72 and 144h that represent Ct values of single samples.

[^7]: The difference among mean Ct values of ISAV RNA levels in TO cells at different hours post-infection was significant (*P*≥0.05) at 5% *α* level.

[^8]: The difference between the mean Ct values of ISAV in CHSE-214 cells at various hours post-inoculation was not statistically significant (*P*≤0.05).

[^9]: Another CHSE-214 monolayer inoculated with ISAV U5575-1 strain was incubated until day 15 post-inoculation, to monitor for evidence of CPE.

[^10]: Each mean Ct value is representative of two replicas.

[^11]: \+ Denotes positive by conventional one-tube RT--PCR or real-time RT--PCR detection format.

[^12]: − Denotes negative by either agarose gel electrophoresis for conventional one-tube RT--PCR or real-time RT--PCR detection format.

[^13]: Ct value.

[^14]: ISAV RNA concentration (ng/μl) extrapolated from the standard curve

[^15]: NC denotes not calculated.

[^16]: Each mean Ct value is representative of two replicas.

[^17]: The difference between the mean Ct values of viral RNA levels in CHSE-214 cells at various post-inoculation hours was not statistically significant (*P*≤0.05).

[^18]: The difference between the mean Ct values of viral RNA levels in CHSE-214 cells at various post-inoculation hours was statistically significant (*P*≥0.05).

[^19]: ND denotes not done.
